In this paper, the effects of cavities on graphene sheet failure were studied via molecular dynamics simulations. The graphene sheets with one centrally located cavity were simulated first. The Young's modulus and failure stress were calculated based on the simulated stress-strain curves. In addition, two or three cavities and their locations were also considered in this study. The Von Mises stress evolution indicated that the failure mechanism of graphene sheets with cavities were different from the one of a perfect graphene sheet.
INTRODUCTION
At nanoscale, a graphene sheet is in the form of a two-dimensional, honey-comb lattice in which one atom forms each vertex. The unique hexagonal molecular structure provides a basic structural element for other allotropes, including graphite, charcoal, carbon nanotubes and fullerenes. Most of them, especially carbon nanotubes [1] [2] , have extraordinary material and electrical properties and have been used to design novel nanoscale composites and devices [3] [4] [5] [6] [7] [8] .
Graphene also has great material and electrical properties. Its Young's modulus can be 1.0 tera-pascals [9] , which is about five times stiffer than the strongest steel. In addition, there were lots of experimental researches on graphene focusing on its electrical properties. One of the most notable features on graphene transistors was the ability of continuously tuning the charge carriers from holes to electrons. The exceptional mobility of graphene, at low temperatures and high magnetic fields, was observed having the quantum effect for both electronics and holes [10] [11] . Futher more, the roomtemperature thermal conductivity is high in graphene subject to size dependence [12] . Consequently, graphene is one of most commonly used inclusions for novel composite materials. However, the manufacturing of such composites requires not only that graphene sheets be produced on a sufficient scale but that they also be incorporated and homogeneously distributed into the matrix materials. Stankovich and co-workers [13] presented a general approach for the preparation of graphenepolymer composites via complete exfoliation of graphite and molecular-level dispersion of individual, chemically modified graphene sheets within polymer matrices.
It has been studied that defects had the effects on mechanical behaviors of most allotropes of carbon, including graphene sheets and carbon nanotubes. The defects include vacancies, metastable atoms, pentagon, heptagons, heterogeneous atoms, and discontinuities of planes etc [14, 15] . Among those type of defects, the Stone-Wales defects have received the most consideration. A Stone-Wales defect contains two pentagons and two heptagons instead of hexagons. Previous studies proposed that the Stone-Wales defects could result in the nucleation of a crack [16] although the failure stresses and strains were not significantly reduced [17] . Another type of defects, the vacancy defects, i.e. defects resulting from missing carbon atoms, have received considerable attention because the vacancy defects can severely reduce the strength of carbon nanostructures. It has been known such defects could be caused by ion irradiation, absorption of electrons, or carbon nanostructure fabrication processes. In the past few years, the continuum mechanics methods have been extensively used to study the mechanical properties [18] and fracture behavior [19] of graphene sheets. However, the continuum approximations are only applicable to study the mechanics of infinitely large nanosystems. In addition, it is difficult to investigate defect effects via continuum modeling and simulations. Consequently, as one of powerful numerical methods, molecular dynamics (MD) has been widely used to study mechanical behaviors of graphene sheets and carbon nanotubes at the nanoscale. It has been studied that vacancy defects play the most critical role in affecting the mechanical properties of graphene [20] [21] . Mielke and co-workers [22] employed molecular mechanics and quantum mechanical calculations to study the role of vacancy defects in the fracture of carbon nanotubes under uniaxial tension. They found that vacancy defects can dramatically reduce the nanotube failure stresses. Xiao and Hou [23] studied facture of vacancy-defected nanotubes and their reinforced nanocomposites. They also adapted the spatial Poisson point process to study mechanical behaviors of carbon nanotubes with randomly located vacancy defects [24] .
In this paper, more detailed analyses of the cavity effects on mechanics of graphene sheets is presented. The outline is described as below. After the introduction, the methodology is described in section 2. Results are discussed in section 3 followed by the conclusions.
METHODOLOGY
The problem definition is shown in Figure 1 . The mechanical behavior of graphene sheets with and without a cavity was studied first using MD simulation. Then, various numbers and positions of cavities were considered in graphene sheets to provide a complete and detailed analysis of cavity effects on mechanics of graphene. The material properties, including Young's modulus and the failure stress, were also calculated for better understanding of the cavity effect.
Figure1. Problem definition and setup
An ensemble is a collection of all the possible states of a real system. The isothermal-isobaric (NPT) ensemble is used in this paper for all the simulations. The abbreviations N, P, and T stand for the number of atoms, the pressure and the temperature of the system, respectively. These quantities were kept constant during the MD simulations. In the MD simulation, the atoms or molecules in the simulated system follow the laws of classical mechanics. The motion of an atom, e.g. atom i, with mass , is due to its interaction with other atoms in the system according to Newton's second law:
( 1) where a i is the acceleration of atom i, and the interatomic force, f i , applied on atom i, is derived from the total potential energy, W. The MD simulations in this study were performed using the Large-scale Atomic Molecular Massively Parallel Simulator (LAMMPS), which is an open-source software written in C++ and developed at Sandia National Labs. The AtomEye and Techplot software provided a means to visualize LAMMPS output data and debug any problems in LAMMPS input scripts. To optimize performance, LAMMPS was implemented using the MPI message passing library for parallel processing. In this paper, the adaptive intermolecular reactive empirical bond order (AIREBO) potential field was used to described interatomic interaction between carbon atoms in graphene as
where is the REBO part, which explains the bonded interaction between atoms; is Lennard-Jones potential that considers the non-bonded interactions between atoms; includes the torsional interactions between atoms into the total energy. It should be noted that the potential field of
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AIREBO was pre-built in with LAMMPS. The required additional reaction force field data for Carbon-Hydrogen-Oxygen (C-H-O) Systems are available on the website of NIST. In each simulation, a simulation domain was defined first with 3D dimensions although only one layer of graphene sheet was simulated. Periodic boundary conditions were defined in all the three directions, and it is required by the NPT ensemble in LAMMPS. The temperature was maintained at the room temperature of 300K. Each simulation was conducted in two steps: a) self-balance or relaxation stage; b) deformation stage. A constant time step of 0.001 ps was given in both stages in all the simulations. The first stage of relaxation was assigned with a duration of 10 ps for all the simulations. The simulated system would reach to the thermodynamic equilibrium state at the end of first stage. Once the second stage for deformation started, the simulation domain was elongated along the prescribed deformation direction, which is y-axis in this study. A constant strain rate of 0.01 ps -1 was given for all the simulations, and the deformation stage would last for 50 ps. Therefore, the total strain (deformation) is 50% which is higher than reported failure strain of graphene. Pressure controls were applied at the boundaries in x-and z-directions. This allows the simulation domain to shrink in these two directions so that the pressure could be kept as a constant required by the NPT ensemble.
RESULTS AND DISCUSSIONS
A graphene sheet containing a total number of 855 carbon atoms was employed in this paper to study cavity effects on mechanics of graphene sheets. The atom numbers in x-and y-axis are 19 × 45. A graphene sheet without cavity was simulated first, and its failure behavior is shown in Figure 2 . Then, a graphene sheet with a single cavity was considered, and the circular cavity was prescribed at the center of the simulation domain. The diameter of the cavity is 1/3 of the width of the simulation domain. The simulation results were compared to the ones from a perfect graphene sheet. Figure 3 shows the domain evolution as well as the failure of the graphene sheet with one cavity. In Figure 3 , greater shear strains can be seen on the both sides of the cavity, where the crack was initiated and led to the catastrophic failure. In addition, stress concentration is expected at the critical location with greater shear strains. Figure 4 shows the total potential and the stress at various strains during the simulation. It can be seen that the graphene sheet with a cavity failed at 23% strain, which is smaller than the 36% failure strain of the graphene sheet without cavity. In addition, the Young's modulus can be calculated based on the slope of stress-strain curves. The estimated Young's modulus during the elastic stage are 0.732 TPa and 0.523 TPa for the perfect graphene sheet and the defected graphene sheet respectively.
(a) potential energy (b) stress-strain behavior
Figure4. Effect of cavity on potential energy and stress-strain behavior
The number of cavities affects the mechanical behavior of graphene sheets as well. Graphene sheets with one or two cavities were considered in this study. The results were compared to the one from the perfect graphene as shown in Figure 5 . It can be seen that the graphene sheet with more cavities failed earlier. In addition, the Young's modulus decreases when the number of cavities increases.
Figure5. Effect of cavity numbers on potential energy and stress-strain behavior
It shall be noted that the failure patterns are different between graphene sheets with one or two cavities. In the graphene sheet with two cavities, as shown in Figure 6 , the failure occurred between the cavities at first, and two cavities emerged as a big one. Then, the catastrophic failure occurred. In addition, the phenomena can be clearly explained via the comparison of Von Mises stress evolutions among those three graphene sheets as shown in Figure 7 and Figure 8 . In the graphene sheet without cavity, the stress continuously increased fairly uniform over the whole simulation domain. However, in the graphene sheet with one cavity, the stress concentration occurred at the both ends of the single cavity, where the cracks were initiated and the catastrophic failure occurred. In the graphene sheet with two cavities, Von Mises stress concentration initially happened between the two cavities. After two cavities emerged as a big one due to crack initiation and propagation, stress concentration occurred at the two side edges prior to catastrophic failure as shown in Figure 8 .
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International In the above study, two cavities were placed in the horizontal position. To investigate the effect of cavity location on the failure of graphene sheets, two other graphene sheets are considered. One graphene sheet has two cavities in the vertical position while the other has three cavities in zigzag position. The potential energies and stress-strain relationships are plotted in Figure 9 and compared to a perfect graphene sheet. It can be seen that three cavity-defected graphene sheets have the similar Young's moduli, which are smaller than the one of a perfect graphene sheet. However, their failure stresses are different. The graphene sheet with two cavities in vertical position has the highest failure stress while the sheet with two cavities in horizontal position has the lowest failure stress. Especially in the graphene sheet with two cavities in vertical position, the failure first initiate with two cracks at the outer edges which are close to the cavities as shown in Figure 10 . This leads to the first drop in the stress strain curve in Figure 9 (b) at the strain of 27%. The catastrophic failure occurred at much higher strain, 40%, when two cracks propagated and merged as one. 
CONCLUSIONS
Molecular dynamics simulations were conducted in this paper to study the effects of cavities on mechanics of graphene sheets. It has been observed that the graphene sheets with cavities have lower Young's modulus and failure stresses, compared to the perfect graphene sheet. Especially, the graphene sheet with more cavities has lower modulus and failure stress. The stress concentration usually occurred around the cavities before the catastrophic failure occurred. It shall be noted that the failure mechanisms between defected graphene sheets were different. In the graphene sheet with two cavities in horizontal position, a crack initiated between cavities first. The catastrophic failure occurred after two cavities emerged to a big one. In the graphene sheet with two cavities in vertical position, two cracks initiated by two cavities simultaneously before the catastrophic failure occurred. It has been found that the graphene sheet with two cavities in vertical position has higher failure stress than the one with two cavities in horizontal position.
